Deoxydinucleoside methylphosphonates were prepared by chemical synthesis and were introduced stereospecifically into the lac operator at two sites. These sites within d(ApApTpTpGpTpGpApGpCpGpGpApTpApApCpApApTpT), segment I, and d(ApApTpTpGpTpTpA.pTpCpcpGpCpTpCpApCpApApTpT), segment II, are indicated by p. Each segment containing a chiral methylphosphonate was annealed to the complementary unmodified segment. The interactions of these four modified lac operators with lac repressor were analyzed by the nitrocellulose filter binding assay. Introduction of either chiral phosphonate in segment II had little effect on the stability of the repressor-operator complex, when methylphosphonates were introduced into segment I, the affinity of lac repressor for the modified operators was shown to be dependent on the stereochemical configuration of the methylphosphonate.
INTRODUCTION
A major emphasis of our research is to understand protein recognition of deoxyollgonucleotide sequences. Our approach is to modify gene control regions by chemical synthesis and then to study how these altered DNAs interact with the appropriate proteins either In vitro or In vivo (1, 2) . we wish to report our progress toward the development of a class of nucleotide analogs which may be generally useful for protein-DNA interaction studies. These analogs are deoxyoligonucleotides containing methylphosphonate internucleotide linkages.
The initial objective was to test how a methylphosphonate internucleotide linkage affects the lac repressor-iac operator (RO) interaction. While the deoxydinucleoside methylphosphonate closely resembles a deoxydinucleoside phosphate in size, it is electronically neutral and possesses a chiral center at phosphorus. The isomers differ in their configuration at the internucleotide linkage with the phosphonate methyl group assuming either a pseudoaxial (S) or pseudoeguatorial (R) position when the dimers are in the stacked conformation. Ts'o and coworkers (3, 4) have shown that these isomers of deoxydinucleoside methylphosphonates stack differently in solution and form complexes having different stability with complementary DNA. These studies demonstrated that a deoxyoligonucleotide containing a methylphosphonate at a defined position will form two diastereomeric DNA duplexes with a complementary unmodified deoxyoligonucleotide.
The question of whether these two duplexes will form equivalent complexes with various proteins was addressed using the lac repressor-./<?£• operator system. Previous studies have shown that lac repressor contacts lac operator only on one face of the DNA (5, 6, 7) . Certain phosphates are presumably recognized by lac repressor through electrostatic interaction (6) . These phosphates are shown in Figure 1 . stereospecific methylphosphonates were introduced between nucleosldes 8/9 and 18/19. As illustrated In Figure  1 , the former phosphate has been shown to be an important repressor contact site, whereas the latter is unimportant. In the latter case, the methylphosphonate is located on the DNA side opposite to the lac repressor contact face. Therefore, if the stereochemistry of the methylphosphonate linkage does not lead to conf ormatlonal distortion of the lac operator duplex, the stability of the RO complex should be unaltered by this analog. In contrast, introduction of methylphosphonate between nucleosides 8 and 9 should destabilize the RO complex since a neutral phosphonate is located at a proposed phosphate ionic contact site. Our results support the following three conclusions: (1) A single methylphosphonate in either the R or S con- Figure 1 . Lac Operator Phosphate Contact Sites. The lac operator DNA sequence is numbered using a system previously defined (1) .
A-A-TpT-G-T-G-A-G-C-G-G-A-T-A-A-C-A-A-T-T (30-DEOXY T-T-A-A-C-A-C -T-C-G-C-C -TpA-T-T-G-T-T-A-A (50 -DEOXY
Internucleotide phosphates designated with I have been shown to be lac repressor contact sites. Sites designated with a p within the sequence are internucleotide phosphates that have been converted to methylphosphonates. formation, when introduced into a 21 base paired duplex, does not significantly distort the duplex structure. (2) A methylphosphonate located at a phosphate contact site perturbs the stability and kinetics of the lac repressor-i<sc operator (RO) interaction. These observations support previous studies identifying important phosphate contact sites within the lac repressor. Moreover, the results suggest that methylphosphonates can generally be used to determine protein-DNA contact sites. (3) The interaction of the lac repressor with lac operator is stereospecific at phosphorus.
MATERIALS AND METHODS
Nucleosides were purchased from Sigma. Silica gel used for polymer-supported deoxyoligonucleotlde synthesis (Vydac 101TP, 20 nm pore size) was purchased from The Separation Group.
[y-p] Adenosine triphosphate (ATP) was obtained from Amersham. T. Polynucleotide kinase was purchased from Bethesda Research Laboratories. SI Nuclease was obtained from New England Biolabs. Snake venom phosphodiesterase (SVPD) was purchased from Sigma and calibrated before use.
Lac repressor (QX86) was prepared by M. Y. Insley according to published procedures (8) . Nitrocellulose filters (BA-85, 27 mm) were obtained from Schleicher and Schuell. Bacterial plasmid, pBF113, used in nitrocellulose filter binding assays, was constructed by inserting a single copy of a synthetic lac operator into the smal restriction site of plasmid pUC8 (9).
5 ' -tf-Dimethoxytrityldeoxythymidine (10), 5'-Odimethoxytrityl-./V-benzoyldeoxycytidine (10), 5 '-f-dimethoxytrityl-^--benzoyldeoxyadenosine (10), and 5 ' -<?-dimethoxytrityl-/V-lsobutyryldeoxyguanosine (11) were prepared by published procedures and converted to their respective 3'-N,/V-dimethylaminomethoxyphosphines by the method of Beaucage and Caruthers (12) . 3'-O--Acetyldeoxythymidine was prepared by the method of Michelson and Todd (13) . Dimethyl methylphosphonate was prepared by the procedure described by Kosolapoff (14) and converted to methylphosphonodichloridate by the method of Agarwal and Riftina (15) .Dinucleoside methylphosphonates were prepared by modifications of a published procedure (16) .
Routine H NMR spectra were recorded on a Varian EM390 spectrometer using tetramethylsilane as an internal standard.
P NMR spectra were recorded on a Jeol PFT-100 spectrometer with a Nicolet-1080 data system using 85% phosphoric acid as an external standard.
c NMR were recorded on a Bruker WM-250 employing tetramethylsilane as an internal standard. Thin layer chromatography (tic) was carried out on Merck analytical silica gel plates (No. 5575). Preparative separations were achieved by column chromatography using Kieselgel 60 (Merck) as the stationary phase. High performance liquid chromatography (hplc) was performed on a Waters Associates apparatus equipped with a model 660 solvent programmer, two model 6000A pumps, a model 440 ultraviolet detector, a U6K injector and a Waters Associates C,g u-Bondpak analytical column.
The synthesis of (MeO) 2 TrdTp(CH 3 )T(Ac) and (MeO) 2 TrdbzAp(CH 3 )T(Ac) and their resolution into purified stereoisomers has been described (17) . The four compounds were characterized by thin layer chromatography, 31 P NMR, and 13 Polymer-supported deoxyoligonucleotide synthesis was performed on Vydac 101TP silica gel as outlined previously (2) with minor modifications. Six single stranded segments which were used to form five 21 base paired lac operators were prepared. Four of the deoxyoligonucleotides contained a specific diastereoisomer of either d(Tp(CH 3 )T) or d(Ap(CH,)T) at a single site within each operator. Synthesis of each fragment was completed on a 3 ymole scale using silica gel functionalized to contain 5'-£>-dimethoxytrityldeoxythymidine at a loading of 40 pnol/g. Condensations involving the addition of a dinucleoside methylphosphonate to the growing fragment were completed by first activating the 3'-morpholinophosphoramidite (100 mg) with a solution of tetrazole in acetonltrile (0.45 M, 0.5 ml) and then exposing the support to this reagent for 15 min at room temperature. All other condensations were completed using appropriately protected deoxynucleoside % % -N,N--dimethylamlnophosphoramidites activated with 0.45 M tetrazole in acetonitrlle (12) . Once a deoxyoligonucleotide synthesis was complete, the methyl triesters were converted to diesters by the action of thiophenol:dioxanertriethylamine (1:2:2, v/v/v), at room temperature for 90 mln. Treatment of the sil-ica support with a 1 ml solution of 30% ammonium hydroxide:pyrIdine (1:1, v/v) at 4°C for four days cleaved the deoxyoligonucleotides from the support and removed the amino protecting groups. The silica gel was separated by centrifugatlon, the supernatant evaporated to dryness and the residue dissolved in triethylammonium acetate solution (0.1 M, 0.75 ml). The deoxyoligonucleotides were purified by reverse phase hplc using triethylammonium acetate (0.1 M):acetonitrile (78:22, v/v) as the mobile phase. The 5'-protecting groups were removed by treatment with 80% acetic acid for 45 mln at room temperature to yield fully deprotected deoxyoligonucleotides. The isolated yields of the six deoxyoligonucleotides are reported in Table  1 .
An aliquot of each deoxyoligonucleotide (10 pmol) and 3 2 [r-P]ATP (30 pmol, specific activity 3000 Ci/mmol) were combined and lyophilized to dryness. The samples were dissolved in 50 mM Tris-HCl (pH 7.6), 10 mM MgCl 2 , 1 mM EDTA, 1 mM spermidine, 2 mM dithiothreitol (10 >il). T 4 Polynucleotide kinase was added to a final concentration of 100 units/ml and each reaction was incubated at 37°c for 45 min. The reaction mixtures were applied to a polyacrylamide gel (20% (w/v) acrylamide, 1% (w/v) A^,A^-methylenebisacrylamlde, 50 mM Trls-borate, 7 M urea, 0.1 M EDTA) and electrophoresed at 40 volts/cm for 2 h. The deoxyoligonucleotides were located by autoradiography. The portion of the gel containing the phosphorylated product was excised and the DNA was eluted according to the procedure of Maxam and Gilbert (19) .
An aliquot of each isolated deoxyoligonucleotide was degraded with SVPD under the conditions described by Jay et al. (20) . The deoxyoligonucleotides containing a methylphosphonate were titrated with additional SVPD in order to completely degrade the compounds to monomers.
Each of the methylphosphonate containing deoxyoligonucleotides (2 pmol) was annealled to the complementary unmodified strand. The two complementary unmodified strands were also annealled. The samples were applied to a polyacrylamide gel (15% (w/v) acrylamide, 0.75% (w/v) iV,/v-methylenebisacrylamide, 50 mM Tris-borate, 0.1 mM EDTA). The duplexes were fraction-ated by electrophoresis for 2 h at 20 v/cm, located by autoradiography, excised and eluted. The gel eluents were applied to a DEAE cellulose column (2 X 0.5 cm) which had been pre-equilibrated with double distilled water. The columns were step eluted with 0.1 M and 1.0 M sodium chloride. The fractions (200 pi) were precipitated by addition of cold ethanol (800 jil)' The precipitates were pelleted by centrifugation, washed with ethanol and dried in vacuo.
Nitrocellulose filter binding assays were performed as described by Riggs et al. (21) . The duplexes were dissolved in 10 mM Tris-HCl (pH 7.2), 10 inM Mgcl,, 1 mM dithiothreitol, 5% (v/v) dimethylsulfoxide, 50 mg/ml bovine serum albumin (BB). The washing buffer was the same as BB except that the dithiothreitol and bovine serum albumin were omitted. The interaction of each duplex with QX86 repressor was evaluated by the protein titration assay and the kinetic dissociation assay. In Lxed ,-12 -12 the titration experiment, each duplex (7.6 X 10 M) was mixed with QX86 repressor at final concentrations of 0, 2.3 X 10 M, 7.7 X 10~1 2 M, 2.3 X 10" 11 M, 7.7 X 10" 11 M, 2.3 X 10" 10 M, and 7.7 X 10~ M. The duplexes containing segment I (8p9-l) and segment I (8p9-2) were further titrated at final QX86 concentrations of 2.3 X 10" 9 M, 7.7 x 10~9 M, and 2.3 X 10~8 M.
The mixtures (50 nl) were incubated at room temperature for 15 minutes, filtered through nitrocellulose, washed with washing buffer (300 )il) and dried. Radioactivity retained on the filters was determined by liquid scintillation counting in 4% (w/v) PPO, 0.1% (w/v) POPOP toluene based fluor. Dissociation kinetic data was obtained by mixing the various duplexes (final concentration of 7.6 X 10 M) with QX86 repressor at a final concentration of 7.4 X 10~ M for reactions containing duplexes of segment I/segment II, segment I/segment II (18pl9-l) and segment I/segment II (18pl9-2). For the duplex containing segment I (8p9-l)/segment II at 7.6 X 10" 12 M, the _g final QX86 repressor concentration was 2.2 X 10 M. The reaction mixtures were incubated at room temperature for 15 minutes.
An aliquot of each reaction mixture (50 >il) was filtered, washed, dried, and counted in order to obtain the initial concentration of RO complex on filters.
Another aliquot of each (70 ^l) was transferred to a separate tube and isopropylthiogalactoside was added to a final concentration of 10 mM. After incubating for 10 minutes, these samples containing isopropylthiogalactoside (55 yl) were filtered, dried, and counted.
The kinetic assay was initiated by addition of the lac operator containing plasmid pBF113 (50 ill, 4 70 ng/ml) to each of the reaction mixtures containing the preformed complex (650 yl).
Aliquots were removed at predetermined times, filtered and washed. All assays were performed in duplicate and each kinetic point was the average of these two assays. The cpm retained in the presence of 10 mM IPTG was subtracted from each kinetic point (less than 5% of the initial counts bound to filters at time zero).
RESULTS AND DISCUSSION
The stereospecific synthesis of dinucleoside phosphonates was investigated.
Nemer and Ogllvie (22) have reported that internucleotide phosphites undergo an Arbusov rearrangement with methyl iodide to yield methylphosphonates. Since the stereochemical configuration of phosphonate internucleotide linkages present in a deoxyoligonucleotide are difficult to ascertain, their formation In solution at the dinucleotide level was studied. Reaction of the dinucleoside methoxyphosphlte of (MeO)-TrdTpT with a variety of alkyl iodides, including methyl, ethyl, y?-propyl, s-propyl and t-butyl iodide, all gave phosphonates with R:S ratios close to 1.0. Reaction of support bound Internucleotide phosphites with alkyl iodides at 50°C gave very low yields of alkylphosphonates of undefined stereochemistry.
These results suggested that stereospeclflc synthesis of dinucleoside phosphonates would not be possible via direct reaction of alkyl iodides with dinucleoside methoxyphosphites in solution or deoxyoligonucleotide methoxyphosphites on a support.
An alternative approach following published procedures was therefore followed.
Stereochemically pure samples of both dlastereoisomers of (MeO) 2 TrdTp(CH 3 )T(Ac) and (MeO) 2 TrdbzAp(CH 3 )T(Ac) were isolated by silica gel column chromatography. A potentially serious problem with this approach was removal of the 3'-protecting group. Preferably this protecting group should be stable to acid but easily removed using neutral conditions. The levulinyl group was initially tested since it meets these criteria (23) . Unfortunately when levullnate was the 3'-protecting group, the product diastereoisotners did not separate on either tic or column chromatography. As reported previously, the presence of a 3'-acetate moeity does allow for a separation of the diastereoisomers (4). Conditions were therefore used that would remove the 3'-acetyl group without hydrolyzing the iV-benzoyl group on adenlne. (MeO),TrdTp(CH 3 )-T(Ac) was treated with concentrated ammonium hydroxiderpyridine (1:1) at 4°c overnight whereas (Meo) 2 TrdbzAp(CH 3 )T(Ac) was deacylated with a sterically hindered amine (0.15 M t-butylamine: methanol at 4°C for 5 h). The chromatographic behavior of the fully deprotected, stereospecific dinucleoside methylphosphonates was investigated via hplc. dAp(CH 3 )T, isomer II was coeluted with an identical sample previously characterized by Dr. Paul Miller (24) . Thus isomer II must be the S stereoisomer and isomer I, the R stereoisomer (24) . Attempts to deduce the absolute configuration of dTp(CH 3 )T isomers failed. Neither isomer could be crystallized and Nuclear Overhauser Effect studies comparable to those used to resolve isomers of dAp(CH 3 )A (3) were unsuccessful.
The basic cycle for polymer-supported synthesis of deoxyoligonucleotides involves (a) removal of the dimethoxytrityl protecting group, (b) condensation of the appropriate 5'-Odimethoxytrityldeoxynucleoside-3'-phosphoramidite, (c) acylation of unreacted, growing segments, and (d) oxidation of the internucleotide phosphite to phosphate (2) . Six segments shown in Table 1 were synthesized using this procedure. The appropriately protected 3'-0-methoxymorpholinophosphinyl derivatives of dinucleoside methylphosphonates (dTp(CH 3 )T and dbzAp(CH 3 )T) were prepared by the method of McBride and Caruthers (18) , activated with tetrazole, and used to synthesize modified segments I (8p9-l and 8p9-2) or segments II (18pl9-l and 18pl9-2), respectively. Appropriately protected mononucleoside 3 ' -c-methoxy-A', jV-dlmethylaminophosphines (18) were used for synthesizing deoxyoligonucleotides containing CO O The designation 8p9-l refers to the methyl phosphonate as being located between nucleosides 8 and 9 (as numbered in the sequence shown in Figure 1 ) using isomer 1 of dT/>(CH3>T. The same nomenclature defines 8p9-2 using isomer 2 of dT/>(CH3)T and 18pl9-l or 18pl9-2 using the appropriate isomers of dAp{CHj)T. Icalculated from k a = the normal phosphate diester linkages. The deoxyoligonucleotides were cleaved from the support and base labile protecting groups were removed with concentrated ammonium hydroxide:pyridine (1:1) since our normal procedure using prolonged exposure to concentrated ammonium hydroxide at elevated temperatures is known to degrade the phosphonate linkage (4). Homogeneous deoxyoligonucleotides were isolated by reverse phase hplc. The 5'-C-dimethoxytrityl group was removed with acetic acid:water (4:1, v/v).
dA-A-T-T-G-T-G-A-G-C-G-G-A-T-A-A-C-A-A-T-T dA-A-T/TT-G-T-G-A-G-C-G-G-A-T-A-A-C-A-A-T-T dA-A-TpT-G-T-G-A-G-C-G-G-A-T-A-A-C-A-A-T-T dA-A-T-T-G-T-T-A-T-C-C-G-C-T-C-A-C-A-A-T-T dA-A-T-T-G-T-T-AjtfT-C-C-G-C-T-C-A-C-A-A-T-T dA-A-T-T-G-T-T-A/T-C-C-G-C-T-C-A-C-A-A-T-T
The isolated yield of each-segment is reported in Table 1 .
The synthetic deoxyoligonucleotides were radiolabeled and characterized by digestion with SVPD. The methylphosphonate containing fragments were found to degrade only partially under conditions which resulted in the complete digestion of the unmodified fragments. The digestion patterns for segment II (18pl9-l) and segment II (18pl9-2) are shown in Figure 3 . Similar results were obtained with segment I (8p9-l) and segment I (8p9-2). Titration of the resistant intermediates with additional SVPD caused them to degrade to monomers. No diastereospeciflc behavior was observed.
All segments including those with methylphosphonate internucleotide linkages formed duplexes with complementary, unmodified segments. The efficiency of duplex formation was not altered by the presence of the phosphonate internucleotide linkage. All lac operators, including the phosphonate free duplex, migrated as duplexes on nondenaturing gels, when treated with SI nuclease, all segments were hydrolyzed to small deoxyoligonucleotides.
In contrast, when various segments were annealed to form lac operator duplexes, all operators, including those containing methylphosphonates were equally resistant to SI nuclease. These results suggest that duplexes containing methylphosphonates-must exist primarily as double stranded DNA since even small perturbations in double-stranded DNA are susceptible to SI nuclease (25) .
Segments I (8p9-l), I (8p9-2), II (18pl9-l), and II (18pl9-2) (Table 1) were annealed to complementary, unmodified segment I or segment II and the stability of the RO complex measured using the nitrocellulose filter binding assays. Ini-
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Figure 3. Gel Electrophoresis Analysis of SVPD Hydrolyzed Segment II (18pl9-l) and Segment II (18pl9-2). Lanes 9 and 18 show the profile when segment II was partially degraded. Lanes 1-8 and 10-17 show the profiles for the time resolved, partial degradation of segments II (18pl9-l) and II (18pl9-2), respectively, containing a methylpho3phonate. Equivalent reaction conditions were used for both experiments and the deoxyoligonucleotides were labeled at the 5'-phosphate with 32 P. For segment II (18pl9-l) and II (18pl9-2), degradation stops at the methylphosphonate internucleotide bond. tially each lac operator was titrated with QX86 lac repressor. A plot of the data is shown in Figure 4 . Dissociation equilibrium constants were derived from the titration data as described by Jessel et al. (26) . The values obtained are listed in Table 2 . The filter binding efficiency at saturation was 55-65% for all operators except the duplex formed from segment I (8p9-2)/segment II. The complex formed between this duplex and lac repressor (duplex retained on filters in the absence of IPTG) was not of sufficient stability to attain saturation within the technical limits of the assay. Therefore no dissociation equilibrium constant is reported. The other duplexes formed complexes with lac repressor that were suffi- ciently stable to allow their kinetic half lives to be determined. Based on the equilibrium titrations, sufficient repressor was added to each duplex in BB in order to attain 80% saturation of the lac operator. After equilibrium had been reached, the pseudo first order time-dependent dissociation was initiated by adding a 100-fold molar excess of pBF113. At specific times, aliquots were removed and filtered through nitrocellulose membranes. All dissociation assays were performed in duplicate. The decay measured in counts retained on the filter was used to calculate the rate of repressor-operator dissociation. A plot of the data obtained is shown in Figure  5 . The half-lives determined for the decay of these complexes are listed in Table 2 .
The duplexes containing either an R or S phosphonate linkage between nucleosides 18 and 19 in segment II formed complexes with lac repressor having stability comparable to that formed with the unmodified lac operator. The dissociation equilibrium constants and kinetic dissociation rate constants differ only slightly from the values obtained with the unmodified duplex (Table 2) . Two conclusions are suggested by these results.
(1) Formation of a lac repressor-i<sc operator complex is independent of the methylphosphonate configuration on the DNA side opposite the contact face.
when combined with the SI nuclease observations, these results suggest that neither the R nor s methylphosphonate lsomer significantly perturbs the configuration of a DNA duplex. If a DNA duplex were partially single stranded, then the formation of an RO complex would presumably be inhibited. Additionally, a methylphosphonate (either R or s configuration) on the side opposite to the repressor-operator interaction surface does not appreciably inhibit the formation of an RO complex either sterically or due to the absence of a phosphate anion. These conclusions are supported by the calculated association rate constants which are comparable for unmodified lac operator and duplexes modified by phosphonate between nucleosides 18 and 19. (2) The lac repressor-iac operator complex does not contact the DNA face where the phosphonate between nucleosides 18 and 19 is located.
The assumption (as supported by experiments with phosphonate between nucleosides 8 and 9) is that the stability of the RO interaction would be significantly reduced when a methylphosphonate replaced the ionic phosphate between nucleosides 18 and 19 if this phosphate interacts with repressor.
In contrast, the formation of RO complexes was markedly effected by either an R or s phosphonate between nucleosides 8 and 9.
The dissociation equilibrium constant obtained for the QX86 repressor in complex with the duplex formed from segment I (8p9-l)/segment II was 7 X 10 M whereas the dissociation constant derived from these two values is 2 X 10 M -sec . This association rate constant differs by approximately 100 fold from association rate constants calculated for the duplexes containing a methylphosphonate between positions 18 and 19 (Table 2) where the association rate constants are comparable to the experimentally determined value for the unmodified duplex.
The formation of lac repressor-iac complexes is strongly dependent on electrostatic interactions (27, 28) . It is not surprising therefore that the substitution of a methylphosphonate at a critical site (between nucleosides 8 and 9) would have an effect on this rate. Once the complex with this duplex (segment I (8p9-l)/segment II) is formed, however, dissociation is apparently not effected to as large an extent. However the complex formed with the duplex from segment I (8p9-2)/segment II was unstable. The half saturation level was not reached experimentally but can be approximated by linear extrapolation of the data. From this extrapolation a dissocia--ft tion equilibrium constant of 5 X 10 M can be calculated. These results with segment (8p9-l) and segment (8p9-2) suggest that the interaction of lac repressor with phosphate anions is stereochemically specific. The model shown in Figure  6 illustrates this hypothesis. Two regions of the lac repressor comprising a total of 29 amino acids have been implicated in specific interactions with lac operator (29) . Two of these amino acids are arginine, two are lysine, and one is histidine. One or more of these positively charged amino acid side chains could interact with anionic phosphates of the lac operator ( Figure 6 , Part A). The introduction of electronically neutral methylphosphonates into the lac operator is likely to disrupt this interaction.
In one configuration ( Figure 6 , Part B), methylphosphonate provides a phosphonyl oxygen which forms a cation-dipole interaction with lac repressor. This could be the configuration of the interaction between the duplex from segment I (8p9-l)/segment II. This interaction is quite stable Figure 6 . A Schematic Representation of Ionic Interactions Between lac Repressor and lac Operator. Part A illustrates the natural ionic interaction. Parts B and c illustrate potential contacts between repressor (N + ) and a methylphosphonate within lac operator. Part B illustrates a potential ion-dipole interaction and Part C illustrates the lack of an interaction when the methyl group on phosphonate is positioned adjacent to the ionic group of lac repressor. Since the stereochemistry of isomers 1 and 2 has not been defined, no attempt was made in Parts B and C to illustrate the chirality (R or S).
since the complex of the duplex from segment I (8p9-l)/segment II with lac repressor dissociates at a rate comparable to unmodified operator (Table 2, a threefold difference). The instability of this complex as reflected by the dissociation equilibrium constant (Table 2) can therefore be attributed to the rate of complex formation. Presumably the methyl group on phosphorus disrupts the formation of a complex either sterically or because this substitution leads to loss of an ionic interaction site, in the other configuration ( Figure 6 , Part C), a hydrophobic methyl group is located at the contact site and no ionic interaction or ion-dipole interaction with a lac repressor amino acid side chain is possible. We postulate therefore that Figure 6 , Part B depicts the complex with segment I (8p9-l), whereas Figure 6 , Part C illustrates the very unfavorable Interaction with segment I (8p9-2). Unfortunately the absolute configurations of the two stereoisomers of dTp(CH,)T (R or S) have not been determined and therefore the stereochemistry as illustrated in Parts B and c cannot be defined.
CONCLUSIONS
We have described a method for the introduction of stereospecific methylphosphonate internucleotide linkages into DNA.
Dinucleoside methylphosphonates were prepared using established procedures, converted to 3 ' -/V-morpholinophosphoramidites and then used as synthons for preparing deoxyoligonucleotides on silica gel polymer supports. The synthetic fragments formed lac operator duplexes that were specifically recognized by QX86 lac repressor. The results of these studies support previous conclusions that lac repressor recognizes certain specific lac operator internucleotide phosphate groups.
Moreover the results also suggest that the precise position of the phosphate anions is important for the recognition of lac operator by lac repressor.
